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Abstract 17 

Conductive spring wires for application in electrical components require high strength, high 18 

electrical conductivity, and convenient manufacturability. Copper-indium (Cu-In) solid solution 19 

alloys are suitable candidates for such wires because they exhibit effective solid solution 20 

strengthening without significantly decreasing the conductivity. Herein, we systematically 21 

investigate the microstructure of Cu-In alloy wires fabricated by severe drawing, along with their 22 

mechanical and electrical properties. During the initial drawing stages, high-density deformation 23 

twins are generated in the Cu-In alloy because the In solute efficiently reduces the stacking fault 24 

energy (SFE) of the Cu matrix. These deformation twins promote grain refinement during 25 
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subsequent drawing. The Cu-5.0 at.% In alloy wire, drawn severely to an equivalent strain of 4.61, 26 

possesses ultrafine grains measuring 60–80 nm with a high density of dislocations, resulting in 27 

excellent yield strength, tensile strength, and conductivity of 1280 MPa, 1340 MPa, and 24% 28 

relative to the International Annealing Cu Standard, respectively. These properties were comparable 29 

to those of age-hardenable Cu-Be and Cu-Ti alloys; thus, our results demonstrate that tuning the In 30 

content of the Cu matrix to reduce the SFE and optimizing the deformation strain to refine the grain 31 

size significantly improves the performance of alloy wires. 32 

 33 

Keywords: Cu-In alloys; severe plastic deformation (SPD); grain refinement; strengthening; 34 

electrical conductivity; stacking fault energy (SFE) 35 

 36 

 37 

1. Introduction 38 

Recent innovations in electronic devices and products have revealed a need to enhance the 39 

mechanical strength and electrical conductivity of Cu-based alloy wires and sheets used in 40 

electrical components, connective wires and springs, connectors, and lead frames. Over several 41 

decades, numerous studies have sought to control the microstructure to tailor the properties of 42 

various types of Cu alloys to suit diverse applications. The conventional Cu-based alloys used in 43 

such wires and sheets are classified into two types: solid solution strengthened and age-hardenable 44 

alloys. Solid solution strengthened alloys (e.g., Cu-Sn, Cu-Zn, and Cu-Ni) are made by a simple 45 

manufacturing process that consumes less energy than that used in the fabrication of age-46 

hardenable alloys (e.g., Cu-Be, Cu-Ni-Si, and Cu-Ti) which requires supersaturated solid solution 47 

and then aging heat-treatments [1–5]. However, solid solution strengthened alloys require large 48 

amounts of solutes to improve their strength, which inevitably reduces their conductivity [6,7]. 49 

Thus, realizing a simultaneous improvement in the strength and conductivity of solid solution 50 
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strengthened Cu alloys is more difficult than in age-hardenable alloys. The production of solid 51 

solution strengthened alloys exhibiting a combination of mechanical strength and electrical 52 

conductivity comparable to those of age-hardenable alloys for use in electrical applications is 53 

therefore of great importance.  54 

The design of solid solution strengthened Cu alloys typically includes a solute element that 55 

contributes to strengthening without significantly reducing conductivity. In addition, solid solution 56 

strengthening can be effectively combined with other strengthening mechanisms through 57 

deformation strain and grain refinement by severe plastic deformation (SPD) processing [8,9], 58 

which is particularly applicable to the production of thin wires and sheets. SPD processing does not 59 

significantly reduce the conductivity of the material because structural defects, such as dislocations 60 

and grain boundaries, have a less significant effect on the conductivity and resistivity [10–12]. SPD 61 

processing typically employs low alloying solid solution Cu alloys to fabricate products owing to 62 

their ductility, which prevents fracturing during plastic deformation. Notably, the grain refinement 63 

resulting from the formation of deformation twins is effectively induced during SPD processing if 64 

the solute element reduces the stacking fault energy (SFE). For example, a Cu-30 at.% Zn alloy 65 

processed by high-pressure torsion exhibited an average grain size of only 10 nm, with a 66 

remarkably low SFE of 7 mJ/m2 [13,14]. The microstructural evolution during SPD also led to 67 

favorable mechanical properties such as enhanced yield strength and toughness in low-SFE Cu-Al 68 

and Cu-Zn alloys with face-centered cubic (fcc) metals [14–17].  69 

Given this context, highly strengthened and highly conductive Cu alloy thin sheets and wires 70 

may be obtained from Cu-In solid solution alloys: the rate at which the conductivity declines with 71 

an increasing amount of dissolved In in the Cu matrix is lower than that observed with other 72 

elements such as Al, Ni, and Sn [6,19]. Effective solid solution strengthening is expected when In 73 

atoms are dissolved in the Cu matrix owing to the large atomic size effect of Cu [20], however, 74 

solid solution strengthening in Cu-In alloys has not been reported. Gallagher reported that a Cu-3.2 75 
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at.% In alloy showed an SFE of approximately 29 mJ/m2 [21]. This suggests that the SFE of pure 76 

Cu (~78 mJ/m2 [21–25]) is significantly reduced by the addition of In. The observed SFE is 77 

comparable to that of low-SFE Cu-5 at.% Al alloy, (25–28 mJ/m2 [24,25]), and significantly lower 78 

than that of Cu-5 at.% Zn: (53 mJ/m2 [22]). A significant strengthening in low-SFE Cu-In alloy 79 

wires and sheets is therefore expected owing to effective grain refinement by the generation of 80 

high-density deformation twins during SPD processing.  81 

In this study, we fabricated Cu-In alloy wires with a suitable combination of high mechanical 82 

strength and electrical conductivity via severe drawing. We confirmed the compositional 83 

dependence of the microstructure, electrical conductivity, and mechanical properties of Cu-In solid 84 

solution alloys. We then optimized the composition of the Cu-In alloy and demonstrated the 85 

fabrication of high-performance Cu-In alloy wires by severe drawing. Finally, we measured the 86 

microstructural evolution and its effect on the mechanical and electrical properties of the alloy 87 

during severe drawing. We also propose a mechanism for the strengthening of the Cu-In alloy wires 88 

based on our observations.  89 

 90 

2. Materials and methods 91 

Pure Cu and five Cu-In solid solution alloys with In contents of 1.0, 2.5, 4.0, 5.0, and 7.5 at.% were 92 

used to examine the compositional dependence of the microstructure and properties on the In 93 

content. The alloys were prepared from melting Cu tips (99.99%) and indium grains (99.99%) 94 

using a high-frequency induction-heating apparatus in an argon atmosphere, followed by casting 95 

into a Cu mold to obtain bullet-shaped ingots measuring 15 mm in diameter and 70 mm in length. 96 

According to the phase diagram of the Cu-In system, the solubility limit of In in Cu solvent at 97 

700 °C was approximately 10 at.% [26]. Based on the phase diagram, the Cu-(0 to 7.5) at.% In 98 

alloy ingots were heat-treated at 700 °C for 72 h in air and subsequently quenched in water to 99 

obtain a single-phase Cu solid solution (Cuss) without segregation. The contaminated layer on the 100 
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ingot surface was removed by mechanical machining to obtain cylindrical ingots of a diameter 12 101 

mm. The cylindrical Cu-(0 to 5.0) at.% In alloy ingots were deformed into rods measuring 3.0 mm 102 

in diameter and over 600 mm in length via hot forging at 700 °C and cold-groove rolling, although 103 

the cylindrical Cu-7.5 at.% In alloy ingot was fractured during cold-groove rolling. The rods of Cu-104 

(0 to 5.0) at.% In alloys were heat-treated within a single-phase region of Cuss at 500 °C for 1 min 105 

and then immediately quenched in water to remove the deformation strain during previous cold-106 

groove rolling. The contaminated surface of the rods was polished using 600-grade emery paper, 107 

and the rods were subsequently drawn to wires at 20 °C with a reduction ratio of less than 0.20 in 108 

equivalent strain (ε) per drawing pass. The rods were then drawn to ε = 6.80 (i.e., the diameter of 109 

the rods was reduced from 3.0 mm to 0.1 mm) at maximum. Here, the ε during drawing is defined 110 

as ε = 2 ln(do/d), where do and d represent the diameters of the rods and wires before and after 111 

drawing, respectively. 112 

X-ray diffraction (XRD) was performed using a PANalytical X’Pert Pro diffractometer with 113 

CuKα radiation at 40 kV to reveal the structure of the Cu-In alloys. Here, the cylindrical specimens 114 

with a single phase of Cuss were subjected to XRD measurements because it required a specimen 115 

with a large cross-section. The cross-sectional microstructures of the Cu-In alloy rods and wires 116 

were observed using field-emission scanning electron microscopy (FE-SEM, JEOL JSM−7001F) 117 

combined with electron backscatter diffraction (EBSD) at a voltage of 15 kV. Before the FESEM-118 

EBSD analysis, the rods and wires were fixed in resin, mechanically polished using a fine Al2O3 119 

slurry, and finished by ion milling (HITACHI IM4000PLUS). In the EBSD analysis, each pair of 120 

points with a misorientation angle in excess of 15° (except for isolated pixels and noise from dirt on 121 

the surface) was considered a grain boundary (GB) for statistical purposes (low-angle GBs with a 122 

crystal orientation difference of less than 15° are not presented). Further, the microstructure of the 123 

samples was observed using transmission electron microscopy (TEM, JEOL JEM-2000EXII) 124 

operated at an accelerating voltage of 200 keV. Thin-foil specimens for TEM observation were 125 
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mechanically polished to a thickness of less than 30 μm and subjected to low-angle ion milling 126 

(JEOL PIPS) with acceleration voltages of less than 3.0 keV using high-purity argon gas.  127 

The electrical conductivity of the 12 mm-diameter cylindrical ingots was measured using an 128 

Eddy current conductivity measuring method and that of the rods and wires was measured by a 129 

constant 10 mA direct-current four-probe method at 20 °C. The Vickers hardness of the rods and 130 

wires was measured using a Mitsutoyo HM-101 Micro Vickers Hardness Testing Machine with an 131 

applied load of 1.96 N for 10 s; the hardness values are quoted as the average of 10 indentations. 132 

The rods and wires were fixed using resin and mechanically ground to obtain the flat surface 133 

required for the hardness measurements. Tensile tests were performed on the wires at 20 °C at an 134 

initial strain rate of 1.67 × 10−4 s−1 using an Autograph AG-IS (Shimadzu). The yield strength 135 

(0.2% proof stress) and ultimate tensile strength were obtained by averaging at least three 136 

measurements. The Young’s modulus of the straight rods with a diameter and length of 3.0 and 50 137 

mm, respectively, was measured via the free resonance vibration method using NihonTehno-Pluse 138 

JE-LHT.  139 

 140 

3. Results  141 

3.1 Fundamentals of Cu-In solid solution alloys 142 

3.1.1 Microstructure  143 

Figure 1 shows the inverse pole figure (IPF) maps obtained via EBSD analysis of the transversal 144 

cross-section of the pure Cu and Cu-1.0, 2.5, 4.0, and 5.0 at.% In alloy rods, which were heat-145 

treated at 500 oC and then quenched. This reveals that all Cu-In alloy specimens consisted of a 146 

single phase of typical equiaxial Cuss grains by recovery and recrystallization. The average grain 147 

size of the pure Cu rod was approximately 22 μm, while it decreased to less than 10 μm in the Cu-148 

In alloy rods.  149 
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 150 

Fig. 1 Inverse pole figure (IPF) obtained by EBSD of the cross-section of the pure Cu and Cu-1.0, 2.5, 4.0, and 151 

5.0 at.% In alloy rods. 152 

 153 

Figure 2 compares the variation of the lattice parameter of Cu-In alloys, as a function of In 154 

content, with that of conventional Cuss alloys, which were determined by extrapolating the values 155 

obtained from the XRD profiles using the Nelson-Riley function [27]. Here, the cylindrical alloy 156 

ingots, which were heat-treated at 700 °C and then quenched, were subjected to XRD 157 

measurements, because they have a sufficiently large cross-section to obtain the XRD profile. Note 158 

that the all the Cu-(1.0 to 7.5) at.% In alloy cylindrical ingots have a single phase of Cuss, as 159 

confirmed by XRD measurement and FE-SEM images. The lattice parameter of the Cuss phase 160 

increased linearly with the In content of the alloy, which follows Vegard’s relationship:  161 

a [nm] = 0.3615 + 0.00097 CIn,     (1) 162 

where a represents the lattice parameter of the Cu-In alloy. The gradient of Vegard’s relationship for 163 

Cu-In alloys is greater than that of most other conventional Cuss alloys except the Cu-Sn alloy [28]. 164 
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 165 

Fig. 2 Comparison of the lattice parameters of Cu-In solid solution alloys with other Cu solid solution binary 166 

alloys (Cu-Sn, Cu-Mg, Cu-Al, Cu-Zn, and Cu-Ni [28]). The lattice parameter of the Cu solid solution alloys 167 

increases essentially linearly with the solute content. 168 

 169 

3.1.2 Electrical conductivity and resistivity 170 

Figure 3 shows the electrical conductivity and resistivity of the Cu-In alloy ingots with a single 171 

phase of Cuss, which were quenched from 700 °C. The electrical conductivity of the Cu-In alloy, σe, 172 

decreased with increasing In content. This means that the electrical resistivity of the Cu-In alloy, ρe, 173 

increased with increasing In content. The liner increase in ρe shown in Fig. 3 can be explained by 174 

Nordheim’s equation, which relates the concentration of the In solute to the resistivity, and is given 175 

as follows: 176 

ρe = ρe
Cu + A Ci (100 – Ci),    (2) 177 

where ρe
Cu, Ci (at.%), and A (Ω m/at.%) are the resistivity of pure Cu (1.724 × 10−8 Ω m at 20 °C), 178 

atomic composition of the solute element, and relative resistivity, respectively, the latter of which 179 

depends on the solute species and the host metal. In the Cu-In alloys with an In content of 0–7.5 180 

at.%, A could be fit as 0.83 × 10−8 Ω m/at.% In (Fig. 3). This value is relatively small compared to 181 

that of other conventional solute elements in Cu, as shown in Table 1 [6,19, 29–32]. This is 182 

consistent with Linde’s rule [19], which states that elements closer to Cu in the periodic table tend 183 
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not to significantly reduce the resistivity when alloyed with Cu.  184 

 185 

Fig. 3 Electrical resistivity and conductivity of Cu-In solid solution alloys, which were measured using an Eddy 186 

current conductivity method. The electrical conductivity is presented by the percentage of international annealed 187 

copper standard (% IACS) at 20oC of 5.8 × 107 / Ω m. The electrical resistivity of the alloys (open circle) 188 

increases linearly with the In content. (It increases parabolically with the In content, which follows Nordheim’s 189 

equation, Eq. (2)). The electrical conductivity of the alloy (closed circle) is the inverse of the electrical resistivity. 190 

 191 

Table 1 Increase rate depending on solid solution element to electrical resistivity of pure copper [6,19,29–32].  192 

Element A [10-8 Ωm/at%] Element A [10-8 Ωm/at%] 

Zn 0.32 Sn 2.88 

In 0.83 Cr 3.60 

Al 1.23 Si 3.95 

Ni 1.25 Ti 10.2 

 193 

3.1.3 Mechanical properties  194 

Figure 4 shows the average yield strength of the Cu–(0 to 5.0) at.% In alloy rods with a single fcc 195 

Cuss phase. The yield strength of Cu-5.0 at.% In alloy was approximately 140 MPa, which is 196 

greater than those of the Cu-5.0 at.% Al (~115 MPa) and Cu-5.0 at.% Ni (~60 MPa) alloys having a 197 

grain size similar to the Cu-5.0 at.% In alloy (approximately 10 μm) [33]. The yield strength of the 198 
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Cu-In alloys increases linearly with increasing CIn
2/3, demonstrating that the Cu-In alloys are 199 

strengthened by the solid solution of In atoms based on the Labusch theory [34,35]. The degree of 200 

solid solution strengthening by the In solute atoms in Cuss is related to the linear size factor (LSF), 201 

which represents the relative difference in the atomic size of the solute and solvent in a solid 202 

solution alloy; the LSF of In atoms for Cu is approximately 21.4%, which is higher than those of 203 

other elements typically alloyed with Cu, e.g., 5.4% for Zn, 6.3% for Al, 2.9% for Ni, 1.7% for Si, 204 

and 7.9% for Ti, but is lower than the 22.4% for Sn [20,29]. This result is consistent with the 205 

observed variations in the lattice parameters (Fig. 2). Therefore, solid solution strengthening by In 206 

in the Cu matrix is expected to be more effective than that achieved by other elements in 207 

conventional Cu alloys.  208 

 209 

Fig. 4 Average yield strength of Cu-In solid solution alloys plotted as a function of CIn
2/3.  210 

 211 

Figure 5 shows Young’s moduli of various Cu–(0 to 5.0) at.% In alloy rods with a single Cuss 212 

phase. Young’s modulus of pure Cu is 139 GPa, which is in approximate agreement with the 213 

reported value of 120–135 GPa [36,37]. Young’s modulus decreased as the In content in the Cu-In 214 

alloys increased. The decreasing ratio of Young’s modulus was estimated to be 3.9 GPa/at.% In. 215 

The reduction in Young’s modulus may explain the fact that the melting point of the single Cuss 216 
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phase decreases significantly with an increase in the In content, as shown in the Cu-In phase 217 

diagram [26]. The alloy with a low melting point has a weak interatomic bond and large interatomic 218 

distance, resulting in a low Young's modulus. 219 

 220 

Fig. 5 Young’s moduli of Cu-In solid solution alloys. The Young’s moduli of the alloys decreased with increasing 221 

In content.  222 

 223 

3.2. Microstructural evolution during drawing  224 

A Cu-In alloy with high In content exhibits a low Young’s modulus and high yield strength without 225 

any significant degradation in electrical conductivity. Such desirable characteristics of the Cu alloy 226 

enable its application as conductive spring wires, and therefore, we fabricated Cu-In solid solution 227 

alloy wires. Cu–0, 1.0, 2.5, 4.0, and 5.0 at.% In alloy rods with a diameter of 3.0 mm were 228 

successfully drawn down to less than 0.3 mm in diameter (i.e., more than an equivalent strain ε of 229 

4.61) without any cracks and failure. Meanwhile, the Cu–7.5 at.% In alloy was fractured during 230 

cold-groove rolling before drawing, indicating insufficient plastic deformability. Accordingly, Cu-231 

In alloys should be limited to a maximum In content of approximately 5.0 at.% to ensure that they 232 

can be significantly drawn without cracks and failure. 233 

Figure 6 shows the GB distribution maps obtained via EBSD analysis of the transversal cross-234 

section of the Cu-(0 to 5.0) at.% In alloy wires after drawing to ε = 0.81 (2.0 mm) and ε = 4.61 (0.3 235 
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mm). Before drawing, all Cu-(0 to 5.0) at.% In alloy rods contain typical equiaxial Cuss grains, as 236 

shown in Fig. 1. During the initial stage of drawing to ε = 0.81 (2.0 mm), deformation twin 237 

boundaries are formed in the parent grains, which increase in number with increasing In content 238 

(red lines in Fig. 6(a)). This was confirmed by measuring the fraction of the twin boundaries among 239 

the high-angle GBs with a misorientation > 15° (Figure 7). The fraction of twin boundaries in the 240 

Cu-5.0 at.% In alloy wire drawn to ε = 0.81 (2.0 mm) was 37%, which is significantly higher than 241 

that of both pure Cu and Cu-1.0 at.% In alloy wire (approximately 10%). This reveals that a higher 242 

number of deformation twins are generated while drawing Cuss alloys with a higher In content.  243 

The grain size in the Cu-In alloy wires decreases during drawing (Figures 1 and 6). Particularly, in 244 

the case of the Cu-5.0 at.% In alloy wire drawn to ε = 4.61 (0.3 mm), it was difficult to obtain 245 

reliable EBSD results in some regions, due to insufficient grain size to detect clear Kikuchi patterns. 246 

The transverse-section TEM image of the Cu-5.0 at.% In alloy wire (Figure 8(a)) drawn to ε = 4.61 247 

(0.3 mm) show fine grains containing modulated contrasts caused by the accumulated strain 248 

(dislocations). A sub-grain cell structure with nanotwin boundaries in the extended fibrous grains 249 

can be observed in the longitudinal cross-sectional TEM images (Figs. 8(b) and (c)). The grain size 250 

ranges from 60 to 80 nm in equivalent diameter as measured from the transverse and longitudinal 251 

cross-sectional TEM images. 252 

The underlying mechanisms of the microstructure evolution, including grain refinement by SPD 253 

processing, can be categorized into two types: dislocation subdivision and deformation twin 254 

fragmentation [38,39]. In fcc metals with high or medium SFEs, such as pure Al (SFE γ: ~150 255 

mJ/m2) and Cu (~78 mJ/m2), the majority of the plastic deformation is achieved via dislocation 256 

subdivision under less severe deformation conditions. However, the deformation and refinement of 257 

fcc metals with lower SFEs (e.g., high alloying solid solution Cu alloys of Cu–11.6 at.% Al (8 258 

mJ/m2) and Cu-30 at.% Zn (7 mJ/m2)) under a more severe conditions is achieved primarily by the 259 

twin fragmentation mechanism [38,40]. The SFE of the Cu–5.0 at.% In alloy is expected to be 260 
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significantly lower than that of the Cu–3.2 at.% In alloy (29 mJ/m2) [21]. Therefore, it is rational to 261 

suggest that the deformation twin fragmentation mechanism was in operation during severe 262 

drawing to ε = 4.61 (0.3 mm), as per the following sequence: (i) Equiaxed grains are divided into 263 

deformation twins via partial dislocation emissions from the GBs owing to the low SFE of the Cu-264 

5.0 at.% In alloy. In addition, the density of the deformation twins increases with increasing strain 265 

(Fig. 6(a), right). (ii) The increased strain is associated with an increase in deformation twins and 266 

dislocation accumulation. The accumulation of dislocations at the twin boundaries bends the 267 

original flat coherent twin boundaries. (iii) The larger deformation strain inevitably leads to the 268 

formation of sub-grains with both low-angle and high-angle GBs via the transformation of the 269 

coherent twin boundaries, thereby resulting in grain refinement with an average grain size of 60–80 270 

nm (Fig. 8).  271 

 272 

Fig. 6 Brain boundary (GB) maps obtained by EBSD of the cross-section of the Cu-(0 to 5.0) at.% In alloy wires 273 

drawn to (a) 2.0 mm (ε = 0.81), and (b) 0.3 mm (ε = 4.61), where high-angle GBs with an orientation angle in 274 

excess of 15° (random GBs) are depicted by solid back lines, while twin boundaries corresponding to a 275 

misorientation angle of 55−62.8° are indicated by red lines. 276 
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 277 

 278 

Fig. 7 Fraction of twin boundaries in high-angle GBs in Cu-In solid solution alloy wires drawn to ε = 0.81 (2.0 279 

mm), as determined via EBSD. 280 

 281 

 282 

Fig. 8 (a) Transverse and (b), (c) longitudinal sectional bright-field TEM images, together with fast Fourier 283 

transform pattern captured from the dotted square in (c), of Cu–5.0 at.% In alloy wire drawn to ε = 4.61 (0.3 mm). 284 

 285 

3.3. Properties of the drawn wire 286 

3.3.1 Electrical conductivity and resistivity 287 

Figure 9 shows the variations in the electrical conductivity and resistivity of the Cu-In alloy wires 288 

as a function of ε by drawing, together with those of pure Cu. The electrical resistivity of the Cu-In 289 

alloy rods before drawing increased with In content in accordance with Nordheim’s equation (Fig. 290 
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3). The electrical conductivity (i.e. the reciprocal of the electrical resistivity) of all Cu-In alloys and 291 

pure Cu, decreased gradually with increasing ε. However, the reduction in the conductivity during 292 

drawing was less than 5% IACS even in the Cu-5.0 at.% In alloy wire drawn severely to ε = 4.61 293 

(0.3 mm) (resistivity increase is only 1.0 × 10−8 Ω m). The reduction in electrical conductivity (i.e., 294 

increase in resistivity) after severe drawing can be explained by an increase in the number of 295 

structural defects, including dislocations and GBs arising from plastic deformation.  296 

 297 

Fig. 9 Variations in electrical conductivity (a) and resistivity (b) of pure Cu and Cu-(1.0 , 2.5, 4.0, and 5.0) at.% 298 

In alloy wires as a function of an equivalent strain ε by drawing.  299 

 300 

3.3.2 Mechanical properties 301 

Figure 10 shows the Vickers hardness of the wires drawn from the Cu-In alloy rods as a function of 302 

ε by drawing, together with that of pure Cu. The Vickers hardness of the Cu-In alloy rods before 303 

drawing increased with the In content of the alloys, which is consistent with the trend displayed by 304 

the average yield strength (Fig. 4). The Vickers hardness of the drawn Cu-In alloy wires increased 305 

steadily with increasing ε; however, the hardness of the pure Cu wires only increased during the 306 

initial stage of drawing to ε = 0.81 (2.0 mm) before becoming saturated at approximately 100 Hv. 307 
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The increasing ratio of the Vickers hardness during drawing increased with the In content. The 308 

Vickers hardness of the Cu-5.0 at.% In alloy wires increased significantly from 95 Hv to over 300 309 

Hv after drawing to ε = 4.61 (0.3 mm). These results demonstrate that the strengthening effect 310 

achieved by drawing Cu-In alloys is significant, while the observed reduction in the conductivity of 311 

the alloys is relatively small. 312 

Figure 11 shows representative nominal stress-strain curves obtained from the tensile test of the 313 

Cu-In alloy rods and wires after drawing to ε = 4.61 (0.3 mm). The yield (0.2% proof stress) and 314 

tensile strengths of the Cu-In alloy rods before drawing increased slightly with the In content (Fig. 315 

4); however, the increase in the yield strength after severe drawing was significant in the Cu-In 316 

alloy wire with a higher In content, which is in good agreement with the hardening curve shown in 317 

Fig. 10. Surprisingly, the yield and tensile strengths of the Cu-5.0 at.% In alloy increased from 130 318 

MPa and 330 MPa, respectively, to 1280 MPa and 1340 MPa, respectively, by drawing to ε = 0–319 

4.61 (0.3 mm), while the Cu-5.0 at.% In alloy wire drawn to ε = 6.80 (0.1 mm) achieved yield and 320 

ultimate tensile strengths of 1370 MPa and 1410 MPa, respectively.  321 

Figure 12 shows the relationship between the ultimate tensile strength and electrical conductivity 322 

of the Cu-5.0 at.% In alloy wires drawn to ε = 4.61 (0.3 mm), 5.35 (0.2 mm), and 6.80 (0.1 mm), 323 

along with that of selected conventional Cu-based alloy wires [41]. The combination of the high 324 

strength and conductivity of the Cu-5.0 at.% In alloy wires is superior to those of the conventional 325 

solid solution-strengthened Cu-based alloys, including Cu-Sn-P, Cu-Zn, and Cu-Sn alloys. This is 326 

primarily due to the ability of the In solute to efficiently reduce the SFE while avoiding a 327 

concurrent significant reduction in the conductivity. This will be discussed in greater depth in the 328 

next section. Further, the performance of the solution strengthened Cu-5.0 at.% In alloy wires 329 

drawn severely is comparable to that of existing commercial, age-hardenable Cu-Ti and Cu-Be 330 

alloy wires. The process of manufacturing the Cu-In alloy wires is far simpler than that required for 331 

extra solid solution and aging heat-treatments in age-hardenable alloys, although the high cost of 332 
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indium may inhibit the widespread adoption of the process. The balance between the high strength 333 

and electrical conductivity of the Cu-In wires and the cost effectiveness of their manufacturing will 334 

be optimized in future studies by optimizing both the composition of the alloys and the deformation 335 

processing. 336 

 337 

Fig. 10 Variation in the Vickers hardness of pure Cu and Cu-(1.0, 2.5, 4.0, and 5.0) at.% alloy wires as a function 338 

of equivalent strain. 339 

 340 

Fig. 11 Representative nominal strain–stress curves of Cu-(1.0, 2.5, 4.0, and 5.0) at.% alloy rods before drawing 341 

the wires to 0.3 mm (4.61 in equivalent strain). The arrows show the yield strength (or 0.2 % proof stress). 342 
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 343 

Fig. 12 Map of ultimate tensile strength and electrical conductivity of the Cu-5.0 at.% In alloy wires fabricated in 344 

this study (red) compared to those of commercial solid solution strengthened Cu-Sn-P, Cu-Zn, and Cu-Sn alloys 345 

(black), and age-hardenable Cu-Be, Cu-Ti, Cu-Ni-Si, and Cu-Cr alloys (blue) [41]. 346 

 347 

4. Discussion  348 

The enhancement of the yield strength of Cu-5.0 at.% In alloy wires by severe drawing, Δσy, can be 349 

modeled by the superposition of GB strengthening, Δσy
gb, and strain strengthening by dislocations, 350 

Δσy
dis, and texture effect. The texture effect is known to be small and can therefore be neglected. 351 

Δσy
gb can be estimated using Hall-Petch’s equation, as follows: 352 

Δσy
gb = σ0 + ky / dg

1/2,      (3) 353 

where σ0 and ky are constants independent of grain size, and dg represents the grain size. Here, the 354 

σ0 and ky of Cu-5.0 at.% In alloys were roughly approximated as 123 MPa and 190 MPa/μm1/2, 355 

respectively, according to the relationship between the grain size and yield strength of the Cu-5.0 356 

at.% In alloy shown in Fig. A1 in the Appendix. A Δσy
gb of 800–900 MPa was calculated from the 357 

average grain size of the Cu-5.0 at.% In alloy wire drawn to 0.3 mm (ε= 4.61), ranging from 60–80 358 

nm (Fig. 8), using Eq. (3).  359 
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We then estimated Δσy
dis from the electrical resistivity of the Cu-5.0 at.% In alloy wire (Fig. 9(b)). 360 

The increase in electrical resistivity caused by drawing is attributed to electron scattering at the 361 

GBs, and accumulated dislocations and nanotwins. The electrical resistivity of pure Cu tends to 362 

increase in proportion to 1/dg (Fig. 13) [10]. Assuming that the relationship between the resistivity 363 

and gran size in pure Cu holds is the same as that in the Cu-5.0 at.% In alloy, the increase in 364 

resistivity caused by the GBs in the Cu-5.0 at.% In alloy wire is (0.8 to 1.0) × 10−8 Ω m (Fig. 9(b)) 365 

owing to the reduction in the grain size of the alloy from 10 μm to 60–80 nm after severe drawing. 366 

Therefore, the increase in resistivity owing to the accumulation of dislocations and nanotwins, is 367 

estimated as (0.1–0.3) ×10−8 Ω m. 368 

 369 

Fig. 12 Dependence of grain size on the electrical resistivity in pure Cu, which is reprinted from [10]. 370 

 371 

Because transgranular coherent nanotwins are known to have little effect on the conductivity [42], 372 

we assume that the increased resistivity of (0.1–0.3) ×10−8 Ω m is caused only by dislocations. 373 

Yoshinaga et al. reported that the electrical resistivity of pure Cu is proportional to the dislocation 374 

density ρdis, and the increase in the resistivity per dislocation density ρdis in pure Cu at 20 °C was 375 

approximately 2.0 × 10−24 Ω m3 [11,12]. Assuming that this value is the same for the Cu-5.0 at.% In 376 

alloy, ρdis can be estimated as 3.1 × 1014 to 1.3 × 1015 m-2. This value would not be abnormal, 377 
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because it is similar the dislocation density observed in other severely deformed metals [43,44].  378 

Thus, Δσy
dis can be calculated from the dislocation density ρdis using Bailey-Hirsch’s equation as 379 

follows: 380 

Δσy
dis = Mαμbρdis

1/2,    (4) 381 

where M denotes the Taylor factor, the value of which ranges between 3.03 and 3.23 for pure Cu 382 

and Cu alloys, α is a coefficient of 0.33, μ represents the shear modulus (calculated from Young’s 383 

modulus (Fig. 5) and Poisson’s ratio of 0.33), and b represents Burger’s vector obtained from the 384 

lattice parameter (Fig. 2). Thus, Δσdis
y was calculated to be 200–400 MPa using Eq. (4). 385 

Considering the aforementioned estimations of Δσy
gb and Δσy

dis, Δσy was calculated as 1000–386 

1300 MPa. Here, the experimentally measured Δσy was 1140 MPa because the yield strength of the 387 

Cu-5.0 at.% In alloy before and after drawing was 140 MPa and 1280 MPa, respectively, as shown 388 

in Fig. 11. Thus, despite being derived from rough approximations and assumptions, the calculated 389 

and experimentally measured values are in good agreement. Therefore, the significant 390 

strengthening observed in the severely drawn Cu-5.0 at.% In alloy wire was initially caused by 391 

grain refinement and then by dislocations accumulated during drawing. The good agreement of the 392 

experimental and calculated values also suggests that the transgranular coherent nanotwins, as 393 

shown in Fig. 8(c), contributed less to strengthening during severe drawing. 394 

The ultragrain refinement arises from the generation and bending of high-density deformation 395 

twins during drawing owing to the low SFE of the Cu-5.0 at.% In alloy. The precise SFE value of 396 

the Cu-In alloys and microstructural changes that occur during severe drawing will be the focus of 397 

future work in this area.  398 

 399 

5. Conclusion 400 

Cu-In alloy wires with a combination of high strength and conductivity were fabricated by 401 

casting, homogenizing, prior deformation (hot-forging and cold-grooving), heat-treatment for 402 
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recovery and recrystallization, and then severe drawing. The dependence of In content in Cu 403 

solvent on the microstructural, electrical, and mechanical properties was confirmed. Further, the 404 

microstructural evolution during severe drawing and its effect on related properties were 405 

investigated. The following conclusions were drawn: 406 

(1) The solid solution strengthening of Cu-In solid solution alloys is expected to be more effective 407 

than that of conventional binary Cu alloys owing to the large expansion of the lattice parameter. 408 

The rate at which the electrical resistivity increased with increasing In content was 0.83 ×10−8 409 

Ω m/at.%, which is lower than that of solid solutions with other elements. The In solute in the 410 

Cu matrix significantly reduced Young’s modulus, facilitating the application of these alloys in 411 

conductive springs. 412 

(2) Cu-In alloy rods with an In content of 5.0 at.% or less could be drawn down to fine wires under 413 

an equivalent strain (ε) of 6.80. The hardness, and yield and tensile strengths of the Cu- In alloy 414 

wires increased significantly during drawing, while the conductivity gradually decreased. The 415 

Cu-5.0 at.% In alloy wire drawn to ε = 4.61 exhibited excellent yield and tensile strengths of 416 

1280 MPa and 1340 MPa, respectively, with a conductivity of 24% IACS.  417 

(3) High-density deformation twins were generated during the initial stage of drawing owing to the 418 

low SFE of the Cu-5.0 at.% In alloy. This eventually resulted in the formation of an ultrafine 419 

grain microstructure with an average grain size of 60–80 nm during the later stage of drawing to 420 

ε = 4.61. The significant strengthening during severe drawing was caused primarily by grain 421 

refinement and then by accumulated dislocations. 422 

The precise nature of the SFE and twinnability of the Cu-In alloys, along with the effect of the SFE 423 

on grain refinement during severe drawing, remain to be elucidated. This investigation will form 424 

the basis of our future research in this field.  425 
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Appendix: Hall-Petch relationship for Cu-5.0 at.% In alloy 557 

We surveyed the relationship between the grain size and yield strength of the Cu-5.0 at.% In alloy 558 

with a single Cu solid solution (Cuss) phase. The Cu-5.0 at.% In alloys were groove-rolled to a rod 559 

shape (with a 3.0 mm diameter) and heat-treated within a Cuss single-phase region at 500 °C for 1 560 

min and 10 min, at 600 °C for 10 min, and at 700 °C for 10 min to obtain Cuss single phase alloys 561 

with equiaxed grain microstructures with equivalent diameters of 7 μm, 8 μm, 20 μm, and 100 μm. 562 

Figure A-1 shows the relationship between the grain size and yield strength of the Cu-5.0 at.% In 563 

alloy, together with that of pure Cu [45]. From the yield strength plots of the Cu-5.0 at.% In alloy, 564 

Δσy
gb can be approximated using equation (A-1): 565 

Δσy
gb = 123 + 190 / dg

1/2,      (A-1) 566 

where Δσy
gb denotes the increase in the yield strength caused by the GBs, and dg represents the 567 

grain size.  568 

 569 

Fig. A-1 Relationship between grain size and yield strength in Cu-5.0 at.% In alloy, together with that in pure Cu. 570 

 571 


